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Multi-layered materials provide fascinating platforms to realize various func-
tional properties, possibly leading to future electronic devices controlled by ex-
ternal fields. In particular, layered magnets coupled with conducting layers have
been extensively studied recently for possible control of their transport proper-
ties via the spin structure. Successful control of quantum-transport properties
in the materials with antiferromagnetic (AFM) layers, so-called natural spin-
valve structure, has been reported for the Dirac Fermion and topological/axion
materials [1–11]. However, a bulk crystal in which magnetic and superconduct-
ing layers are alternately stacked has not been realized until now, and the search
for functional properties in it is an interesting yet unexplored field in material
science. Here, we discover superconductivity providing such an ideal platform
in EuSn2As2 with the van der Waals stacking of magnetic Eu layers and su-
perconducting Sn-As layers, and present the first demonstration of a natural
spin-valve effect on the superconducting current. Below the superconducting
transition temperature (Tc), the electrical resistivity becomes zero in the in-
plane direction. In contrast, it, surprisingly, remains finite down to the lowest
temperature in the out-of-plane direction, mostly due to the structure of intrin-
sic magnetic Josephson junctions in EuSn2As2. The magnetic order of the Eu
layers (or natural spin-valve) is observed to be extremely soft, allowing one to
easy control of the out-of-plane to in-plane resistivities ratio from 1 to ∞ by
weak external magnetic fields. The concept of multi-functional materials with
stacked magnetic-superconducting layers will open a new pathway to develop
novel spintronic devices with magnetically controllable superconductivity.
EuSn2As2 has a structure consisting of the magnetic insulating Eu layers and the con-
ducting Sn-As layers, which are mutually coupled via the van der Waals force (Fig. 1a)
[12, 13]. The magnetic interactions in the intra- and inter-layers of Eu ions have been sug-
gested to be ferromagnetic and antiferromagnetic, respectively [12]. The X-ray magnetic
scattering (Fig. 1b) confirms that the antiferromagnetic order of Eu moment develops along
the c-axis below the Ne´el temperature (TN ) of ∼ 23 K. Intriguingly, this compound exhibits
a soft ferromagnetic behavior in the MH curves (Fig. 1c) with a very strong magnetic re-
sponse, unlike a typical antiferromagnet. The ferromagnetic direction, thus, can be changed
by small external magnetic fields, enabling one to easily control the spin-valve effect of the
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Eu layers. We have observed the formation of magnetic domains with the size of ∼ 50 µm
in the a-b plane below TN (the left panel of Fig. 1d) by the polarizing microscopy, which
visualizes the magnetic domain. This image was taken in zero magnetic fields, where the
Eu spins should be antiferromagnetic with no net magnetization on average over the whole
bulk crystal. Hence, the observed signal of magnetic domain should come from the optical
anisotropy of antiferromagnetic domains with canted order inherent in the Eu layer [5].
Most importantly, we find that EuSn2As2 shows superconductivity, thus it is the first
material with van der Waals stacked magnetic-superconducting layers. As a fascinating
property for it, we present the natural spin-valve effect both on the normal and supercon-
ducting electrons, which is observed in the temperature dependence of resistivities (Fig. 2a)
along the ab- and c-axis (ρab and ρc, respectively).
While both the resistivities show metallic behaviors above TN (Fig. 2a), ρc is significantly
increased below TN , demonstrating a two-dimensional (2D) confinement of the conduction
electrons by the spin-valve effect [1]. We found the superconducting transition in ρab at the
temperature (Tc) of 4.8 K. The ρab(T ) has a two-step feature on cooling below Tc with a
shoulder-like structure (at T1) before becoming zero below T0 ∼ 0.8 K (see the inset of Fig.
2a and the zero-field data of Fig. 2c). The two-step transition has been confirmed for several
samples from different crystal-batches, thus it should be an intrinsic feature of EuSn2As2;
notably, the similar transition seems to be often observed in 2D superconductors [14, 15].
The bulk superconductivity is also confirmed by the Meissner effect (Fig. 2d); diamag-
netism due to the superconductivity is observed as a sharp decrease of the magnetization
below Tc, and it eventually disappears with increasing magnetic field. Note here that the
overall shift for each curve in Fig. 2d comes from the magnetic susceptibility of Eu lay-
ers. The critical magnetic field (Hc2) is found to be very small (∼ 40 mT) and isotropic
(Fig. 2c and e). While these magnetic properties are usually obtained for the conventional
type-I superconductors, our resistivity data exhibit a clear anomaly against it: ρc becomes
abruptly enhanced below Tc (Fig. 2a), giving rise to an infinite ratio of resistivities (ρc/ρab)
at low temperatures. The increase of ρc below Tc is found to be suppressed by a weak mag-
netic field close to Hc2 (Fig. 2b), indicating that the additionally enhanced resistance along
the c-axis is caused by the bulk superconductivity. The extremely anisotropic resistance is
apparently unfeasible in the type-I superconductivity, thus highly unconventional supercon-
ductivity should be realized in EuSn2As2. Since it is also in sharp contrast to the typical
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type-II superconductivity observed in the related nonmagnetic material NaSn2As2 [16, 17],
the magnetic Eu layers are implied to play an essential role in the anisotropic supercon-
ductivity and the superconducting spin-valve effect of this compound, capable of tuning the
ρc/ρab ratio between ∞ to 1 by weak external magnetic fields.
In order to clarify the mechanism of the abnormal resistivities, we have investigated the
electronic structure of EuSn2As2 by the synchrotron-based angle-resolved photoemission
spectroscopy (ARPES) together with the DFT calculations. The Femi surface mapping
over multiple Brillouin zones across the Γ point (Fig. 3b) reveals that the Fermi surfaces are
formed only around kx = ky = 0. The overall ARPES dispersion (Fig. 3c) along the Γ-M
cut (a red line in Fig. 3b) is well reproduced by our DFT calculations slightly hole-doped
(blue curves in Fig. 3c).
The calculations predict that a Lifshitz transition occurs across TN due to the hybridiza-
tion between the original bands and those folded about the antiferromagnetic zone bound-
aries, which reconstruct three-dimensional (3D) Fermi surfaces with a peanuts-shape above
TN (left panel in Fig. 3a) into two types of Fermi surfaces with 2D and 3D cylindrical
shapes below TN (noted by α and β in the right panel of Fig. 3a, respectively). Our ARPES
data (Fig. 3d and e) indeed agree with this prediction. The top panels of Fig. 3d plot
the Fermi surface mapping along a kz − ky sheet obtained at kx = 0 by widely changing
photon energies (or the kz value); the left and right are the data obtained above and below
TN , respectively. In the bottom panels, the mapping along the kx − ky sheet across Γ is ex-
tracted. The largest Fermi surface (noted as γ in Fig. 3d), absent in our calculations, should
be for surface states [5, 18], since it is 2D-like showing no dispersion along kz regardless of
measured temperature; the spectral intensities modulate with photon energies due to the
matrix element effect in photoemission. The drastic variation across TN for bulk states is
seen close to the momentum line at kx = ky = 0, being consistent with our DFT calculations
(yellow dashed lines in Fig. 3d). This is more clearly demonstrated in Fig. 3e, by extracting
the momentum distribution curves from the kz dispersion of Fig. 3d: a 3D-like dispersion
above TN is changed to be 2D-like below TN with almost no variation in ky position (marked
by black bars) along kz (Fig. S 4). Importantly, this Lifshitz transition should be the cause
of the increase in ρc below TN .
More detailed properties of the band structure can be obtained from the DFT-based
analysis. The total spin states should degenerate in the AFM phase of EuSn2As2. However,
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we found that the top valence-band formed by the electrons spatially adjacent to the Eu
layer become spin polarized concurrently with the band split in the AFM phase (Fig. 4b,
c, Fig. S4b) if we see the spin component within only half a unit cell, which is equivalent
to the projection of electronic state to the direction of the adjacent Eu layer. This is due
to the proximity of exchange interaction, which lifts the spin degeneracy, and thus the up-
and down-spin states are flipped in energy for the electrons nearby the Eu layer with the
opposite ferromagnetism (Fig. 4a). Consequently, the spin-polarized electrons are confined
within the block sandwiched by the Eu layers with the same spin; a single Eu layer acts as
a spin filter, and thus the stacking of the layer in a crystal forms a natural spin-valve. Our
ARPES data, therefore, exhibit the natural spin-valve effect on the band structures.
To investigate the superconducting state of EuSn2As2, we have used ARPES with a laser
(hν=7 eV), capable of measurements with high energy and momentum resolutions. Figure
3f shows the band dispersion measured by the laser-based ARPES above Tc (T=6 K); the
measured momentum cut is represented in Fig. 3b (a blue line), while the measured kz is not
zero at hν=7 eV. We observe three bands, assigned as the band of surface states (γ-band),
and two other bulk bands derived from the Sn-As orbitals: a two-dimensional M-shaped
band (α-band) and a three-dimensional hole-like band (β-band) (Fig. S5).
In Fig. 3g, we examine the temperature evolution of the energy distribution curves
(EDCs) at kF for the hole-like band. The energy shift of the leading-edge midpoint is
clearly seen in the spectra below Tc, and the gap magnitude increases on cooling down to
the lowest temperature. The experiments were repeated for different pieces of samples, and
similar results were always obtained. In Fig. 3h, we estimate the superconducting gap by
fitting the EDCs to the Bardeen-Cooper-Schrieffer (BCS) spectral function [19]. In the same
panel, we also overlap the superconducting gap (a dotted red curve reaching ∆ ∼ 0.5 meV
at 0 K) obtained from the BCS theory for a superconductor with Tc = 4.8 K, same as that
of EuSn2As2. A good agreement between the two is obtained (Fig. S 6).
The anomalous phenomena we found for EuSn2As2 are mainly the following three: (1)
small Hc2, (2) two-step superconducting transition in ρab, and (3) non-zero ρc below Tc.
The small Hc2 [the finding (1)] could be explained by the magnetic proximity effect of the
Eu layer on the superconducting As-Sn layer. In our calculations, the valence band of
each Sn-As sheet splits the energies of up- and down-spin by ∼ 0.1 eV due to this effect
(Fig. 4b and c; Fig. S 4b), which corresponds to the internal magnetic field of ∼ 2000
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T [20]. Since the ferromagnetic Eu-spin is observed to be very soft and isotropic, small
external magnetic fields in any direction can generate a large internal magnetic field, which
substantially reduces Hc2. Moreover, the Cooper pairs formed in the spin-split state (see
Fig. 4a) could be quite sensitive to the local magnetic environment, which may give rise
to a small Pauli-limiting Hc2; this scenario is consistent with the small and isotropic Hc2
observed in EuSn2As2.
The two-step superconducting transition [the finding (2)] has been previously observed in
various 2D superconductors [14, 15]. A similar situation may occur in the in-plane resistivity
(ρab) of EuSn2As2: Bellow Tc, superconducting puddles emerge only locally in the As-Sn-Sn-
As blocks, leaving a finite resistance in the in-plane electrical current (∼ T1 in Fig. 2a, Fig.
4d). On further cooling, the phase coherence eventually percolates into the whole in-plane,
turning ρab to be zero (∼ T0 in Fig. 2a, Fig. 4e).
The non-zero ρc below Tc [the finding (3)] is more puzzling. This, however, could be
understood by regarding the current system as a 3D array of Josephson junctions with
inhomogeneous magnetic domains (Fig. 4f). A junction made of the magnetic insulator can
shift the superconducting phase by pi across it, even if it consists only of a single atomic
layer [21]. The phase shifts either of 0 or pi is determined by the width of the magnetic
layer, the energy of exchange splitting, and other subtle features of the band structure
[22]. In EuSn2As2, magnetic domains working as a phase shifter are changed for different
paths of superconducting electrons. This could cancel the total Ic along the c-axis, as in
the device of DC-superconducting quantum interference (Fig. 4g), or possibly scramble the
interlayer phase coherence. Consequently, only the current of normal electrons (In) excited
by the thermal fluctuation and impurities contribute to the total current, generating a finite
resistance, which could even increase below Tc. Nevertheless, more detailed analyses would
be required as future researches for the full description of the fascinating phenomena we
found in EuSn2As2.
Various applications are conceivable for the physical phenomena observed in EuSn2As2
with intrinsic magnetic Josephson junctions. Fascinatingly, the value of ρc/ρab can be tuned
between ∞ to 1 by a small magnetic field, owing to the exceptionally soft magnetism of the
Eu layers. In addition, we could select the magnetic junction to shift the superconductive
phase between 0 and pi by controlling the magnetic domains of the Eu layers, such as by
detwinning with a piezo substrate. This will open the way to develop new types of magnetic
6
memory showing the signal of 0 (0-0 junction) or∞ (0-pi junction, shown in Fig. 4f), enabling
an ultrafast processing specific of antiferromagnetism [23, 24]. Most importantly, our results
provide a novel concept of multi-functional materials with magnetic-superconducting layers
alternately stacked, leading to a new avenue of applications with van der Waals materials.
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FIG. 1: Crystal structure and magnetic properties of EuSn2As2. a, The crystal structure
of EuSn2As2 viewed parallel (top) and perpendicular (bottom) with respect to the a-b plane. This
compound has a layered structure (so-called Zintle phase) with the space group R3m, and the
Sn-As-Eu-As-Sn blocks are separated by the van der Waals gap from each other [12, 13]. b, The
temperature dependence of the integrated intensity of (0 0 1.5) reflection obtained by the X-ray
magnetic scattering at the M5-edge of Eu, demonstrating that the antiferromagnetic ordering of
the Eu moment occurs along the c-axis below TN ∼ 23 K (Figs. S1, 2). c, The field dependence
of the magnetization in EuSn2As2 at B ‖ c (red) and B ‖ ab (blue) measured at 2 K after the
zero-field cooling (ZFC). The inset zooms a region of small magnetic fields for the same data. d,
Magneto-optical images for the surface of EuSn2As2 in the AFM phase (left, taken at 12 K) and
the paramagnetic phase (right, 25 K). Magneto-optical images for the surface of EuSn2As2 in the
AFM phase (left, taken at 12 K) and the paramagnetic phase (right, 25 K). The Kerr microscope
was adjusted to become sensitive to the in-plane moment [2]; a stronger intensity is exhibited
by a brighter color. The patch pattern emerging in the AFM phase indicates the formation of
inhomogeneously distributed ferromagnetic domains.
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FIG. 2: Superconducting transport and magnetic properties of EuSn2As2. a, The tem-
perature dependence of the in-plane (ρab) and out-of-plane (ρc) resistivities. The inset shows an
enlarged view of the low temperature data. The critical (Tc) and the zero-resistivity (T0) temper-
ature are indicated by arrows. In addition, a shoulder-like feature yielding the two-step transition
is also marked by an arrow at T1. b, c, The variation of ρc(T ) and ρab(T ) with different external
magnetic fields, respectively. d, The temperature dependence of the magnetization measured at
B ‖ ab by the field cooling. e, The temperature dependence of the critical magnetic field (Hc2)
measured at B ‖ ab (red circles) and B ‖ c (blue triangles); each value was determined as B at
which ρab(B) reaches the mid-point of the transition (Fig. S 3).
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FIG. 3: Band structure and superconducting gap measured by ARPES. a, The tempera-
ture variation of Fermi surface along kz across TN expected from the DFT-based analysis (see also
Fig. S4). The 2D and 3D Fermi surfaces in the AFM phase (right panel) are labeled by α and β,
respectively. b, Fermi surface map along ky-kx over multiple Brillouin zones measured at T = 7 K
and hν = 70 eV. c, APRES band dispersion along the Γ-M line in b (red dashed line); the DFT
calculations are overlapped. d, The top panels plot Fermi surface maps along ky-kz measured at
kx=0 (red dashed line in b) by changing photon energies above (left) and below (right) TN . In the
bottom, the Fermi surface maps along ky-kx across kz=0 (hν=28.5 eV) are plotted; momentum
region of the measurements is indicated by a dashed square in b. e, Momentum distribution curves
at 40 K (left) and 7 K (right) extracted from the top images in d. f, The dispersion map along
the blue line in b measured at 6 K by a laser-based APRES with high momentum and energy
resolutions. Three bands of the surface state (γ) and bulk states (α and β) are labeled by white
arrows. g, The energy distribution curves (EDCs) at kF of the β-band indicated by a white arrow
in f. h, Temperature dependence of the superconducting gap estimated by fitting the BCS spectral
function to EDCs in g. The dashed curve shows the temperature evolution of energy gap for a
theoretical BCS superconductor with Tc of 4.8 K, same as that of our sample.
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FIG. 4: Spin polarization of local electronic states and a proposed mechanism of su-
perconducting transport in EuSn2As2. a, A schematic illustration of the spin-splitting of
conductive electrons in the Sn-As sheets adjacent to the ferromagnetic Eu layer. The up- and
down-states are flipped in energy for the opposite direction of the ferromagnetism, which cancels
the total spin-polarization in bulk. b, c, The spin-polarized bands dominated by the Sn and As
orbitals along Γ-M and A-L, respectively. The color indicates their components projected to the
Sn-As spin states in the alternating spin directions along those of the adjacent Eu layers. The spin
splitting of ∼0.1 eV is obtained (see also Fig. S4 b), indicative of a strong coupling between the
magnetization of the Eu layer and the superconductivity of the Sn-As layer. d, e, Schematic images
for the mechanism of superconducting transport along the a− b plane with a two-step transition:
with decreasing temperature, superconducting puddles are locally formed first below Tc (d), then
the phase coherence in bulk is eventually established over the whole in-plane around T0 (e). f,
Schematic image for the electrical transport in the c-axis below Tc; a finite resistance is remained
due to the intrinsic magnetic Josephson junctions, which work as different phase shifters ether of
0 or pi across the ferromagnetic Eu layers with inhomogeneous domains. g, An equivalent diagram
of DC superconducting quantum interference device (SQUID) with the 0- and pi-junctions, which
cancel the phase coherence, preventing the flowing of the superconducting current.
14
METHODS
Samples
Single crystals of EuSn2As2 were synthesized as described elsewhere by Sakagami et al. [13].
The lattice parameters determined by the powder X-ray diffraction were a = 4.1993(17) A˚,
and c = 26.418(8) A˚ at room temperature.
X-ray magnetic scattering measurement
Resonant soft X-ray scattering measurements were performed at BL-16A, Photon Factory,
KEK, Japan, by utilizing the horizontally polarized X-ray in resonance with the M5 absorp-
tion edge of Eu (1.125 keV) [25].
Polarizing microscopy measurement
The polarizing microscopy images were observed through a commercial polarizing microscope
(BXFM, Olympus) combined with an objective lens with a working distance of 33 mm (M
Plan Apo, Mitutoyo). To obtain bright images, we used a 100 W halogen lamp (U-LH100L-
3, Olympus). The sample was placed in a vacuum chamber and cooled using a two-stage
cryocooler. The sample temperature was controlled with an accuracy of 0.1 K by thermal
conduction from the stage of the cryocooler and a heater mounted on the sample stage
[26, 27].
Magnetization and transport measurement
Magnetization and resistivity were measured down to 2.0 K using Magnetic Property Mea-
surement System (Quantum Design) and Physical Properties Measurement System (Quan-
tum Design), respectively. For the transport measurements at low temperatures (down to
0.1 K), we used Triton400 dilution refrigerator (Oxford). The transport properties were mea-
sured by a conventional four-terminal method with electrodes formed by room temperature
curing silver paste.
ARPES set-up
Synchrotron-based ARPES measurements were performed at the high-resolution ARPES
branch of beamline I05 of the Diamond Light Source, equipped with a Scienta R4000 anal-
yser. The angular resolution was 0.2 and the overall energy resolution was better than 20
meV. Laser-based ARPES measurements were performed at the Institute for Solid State
Physics, The University of Tokyo. The ARPES system [19] is equipped with a laser of 6.994
eV, sixth harmonics of Nd:YVO4 quasi-continuous-wave laser, and with a Scienta HR8000
electron analyzer (VG-Scienta). The angular and energy resolutions of measurements were
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set to 0.1◦ and 1.2 meV.
Ab-initio calculations
All of the density-functional theory (DFT) calculations were performed by VASP (Vienna
Ab initio Simulation Package) [28] using the projector augmented wave method [29] for the
pseudopotential and Pedrew-Burke-Emzerhof functional [30] for the exchange-correlation
effect. The spin-orbit coupring was included and the on-site Coulomb interaction among the
Eu f electrons were considered with the DFT+U method [31] as implemented in VASP. The
on-site Coulomb interaction U was determined to be 4.0 eV for AFM state so that the energy
level of the f -electron states agree with that observed in the photoemission experiment. To
treat the magnetically ordered states, we took a doubled triclinic unit cell containing 10
atoms as discribed in Fig. S7, while we used the fundamental unit cell with 5 atoms for the
non-magnetic calculations. On comparing the relative stability of the magnetic orientations,
we fully relaxed the ionic positions starting from the experimental value [12]. We note that
to describe the paramagnetic state (spin moments at Eu sites are nonzero but disordered),
we approximated it as non-magnetic (Eu spin moments are zero), as the direct treatment of
randomly oriented spin configurations is difficult. Thus, we used different U values between
AFM state and non-magnetic state (4.0eV for AFM; 1.6eV for paramagnetic) due to the
above approximation. The Wannier model was constructed with the s, p, and f states of Eu,
the s and p states of As, and the s and p states of Sn using wannier90 [32]. The projected
spin state analyses in Fig. 4 and Fig. S5 was conducted with the AFM phase with the spin
order in the c-axis.
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